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The relationship between local order, long range order, and sub-band-gap
defects in hafnium oxide and hafnium silicate films
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We have measured x-ray absorption spectra (XAS) at the oxygen K edge for hafnium oxide (HfO,)
films grown by chemical vapor deposition (CVD) and atomic layer deposition (ALD), as well as for
hafnium silicate (HfSiO) films grown by CVD. The XAS results are compared to x-ray diffraction
(XRD) and spectroscopic ellipsometry (SE) data from the same films. Features characteristic of
crystalline HfO, are observed in the XAS spectra from all CVD-grown HfO, films, even for a
thickness of 5 nm where XRD is not sensitive. XAS and XRD spectra from the ALD-grown HfO,
films exhibit the signature of crystallinity only for films that are 20 nm or thicker. These
characteristic XAS features are absent in all HfSiO films measured, which is consistent with their
being amorphous. The appearance of these peaks in XAS and XRD is correlated with sub-band-gap
absorption in the SE spectra, which appears to be intrinsic to crystalline HfO, in the monoclinic
phase. © 2008 American Institute of Physics. [DOI: 10.1063/1.2909442]

The historic increase in semiconductor logic integration
relies on exponential downscaling in the size of individual
metal-oxide-semiconductor field-effect transistors. As the ca-
pacitance of the gate insulator stack needs to be increased
simultaneously with a reduction in channel length to main-
tain gate control over the inversion layer, this has led to a
reduction in SiO, or SiON gate insulator thickness to
~1 nm in high-performance logic chips. Despite the nearly
perfect electrical properties of the SiO,/Si interface, at sub-
nanometer thicknesses, electron tunneling through the oxide
results in an unacceptably high gate leakage current even at
modest biases. This has led to a large body of research aimed
at replacing SiO, with a high-permittivity (high-K) dielectric
which could provide the needed capacitance for a thicker
film, thus mitigating the leakage -current problem.l_4
Hafnium oxide (HfO,) and hafnium silicates (HfSiO) are
promising candidate high-K dielectrics. However, questions
remain regarding the impact of structural properties such as
crystallinity on electrical performance. Crystallinity of Hf-
based dielectrics depends on factors such as composition,
thickness, deposition conditions, and thermal budget during
device integration which usually involves annealing at
1000 °C or more. A number of reasons, often speculative,
have been put forward for aiming to keep high-K dielectrics
amorphous: (a) heterogeneous grain orientations could give
rise to spatially varying electric fields in the channel, causing
carrier scattering and degrading mobility. (b) Grains could
cause device-to-device variations in, e.g., leakage or thresh-
old voltage. (c) Grains could increase effective line edge
roughness after gate etch. (d) Grain boundaries have been
claimed to be responsible for localized unoccupied gap
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states,sf7 e.g., those observed ~0.2—-0.3 eV below the con-
duction band edge if and only if HfO, is crystalline;8 such
gap states may explain undesirable electron trapping and
gate leakage with Hf02.9’10

In this work, we report soft x-ray absorption spectros-
copy (XAS) measurements performed on a series of HfO,
and HfSiO films grown by metal organic chemical vapor
deposition (MOCVD) and HfO, films grown by atomic layer
deposition (ALD) to probe the local bonding and short-range
order in these systems. Characteristic features associated
with crystalline HfO, are observed in the XAS spectra from
films that also exhibit well-defined peaks, associated with the
monoclinic phase, in XRD. These XAS features are even
observed for 5 nm thick CVD films where crystallites are too
small to be detected by XRD. By comparing the XAS and
XRD results with the optical absorption data, we find that the
HfO, crystalline state and a sub-band-gap optical absorption
feature associated with electronic defects, coincide in all
cases. Our results suggest that the so-called defect feature
need not be attributed to structural distortions of nanocrys-
talline (~1 nm) particles or to structural modifications at
grain boundaries in the films, as has been proposed.sf7
Rather, these features appear to be intrinsic to the formation
of monoclinic HfO, crystallites in the films. Our work thus
contributes to a fundamental understanding of the electronic
structure of HfO, and its electrical properties as a candidate
gate dielectric.

Measurements were performed on three sets of films.
These sets were composed of MOCVD-grown HfO, and
HfSiO [Hf:Si~ 80:20] samples, as well as a set of ALD-
grown HfO, films. Each set contained films of 5, 10, 20, and
40 nm of nominal thicknesses. The MOCVD HfO, films
were grown using hafnium tetra-rert-butoxide [HTB,
Hf(OC(CHj3)3),4] and O,. To grow the HfSiO films, SiH, was
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